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Physics case for 
physicist to motivate

Energy request
* Few MeV/u to reach and pass Coulomb barrier
* GeV for beta beams 

−> need for post acceleration of ISOL beams

And
q in linac
q2 in cyclotron

Mass−to−charge ratio (A/Q) < 1/9
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High energy
driver beam

e.g. protons, ions

Post 
accelerator

• Pulsed LINAC
• CW LINAC
• Cyclotron

Experiment

The idea
Charge breed (1+ → n+) low−energy ions

Simplicity(?)      
Efficiency(?)
Compactness 
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34 m

* Wnucl [MeV/u]=Eacceleration [V/m] * q/A [e/u] * L [m]
* Eacc ~ 5 MV/m acceleration field

* Limited to q/A < 1/30 or 1/60
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CERN proton LINAC2
* Price 38 MCHF
* Field gradient linac 1.5 – 2 MV/m
* q/A=1, 50 MeV, 34 m, 3.3 m RFQ

Brute forceBrute forceBrute force How long would a 1+ linac be?

* Price for a LINAC ~0.5 MUSD/m
* Price estimate 1+ acc ˘ pure scaling

Final energy    Mass  Length Price
(MeV/u)            (A) (m)    (MUSD)

5 100 100 50(!)
10 100 200 100(!)
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☺ Simple method and fast (µs isotopes)
Needs pre−acceleration

in gas stripping 8 to 20 keV/u

in foil stripping ~0.5 MeV/u

emittance growth (long and trans)

no macro−bunching capability
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Example ˘ SPES scenario
Bunching efficiency 65%
Gas stripping at 8 keV/u 40%
Stripping foil at 500 keV/u 20%
In total (single charge acc of 132Sn)  4%
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Bunching efficiency 65%
Gas stripping at 8 keV/u 40%
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In total (single charge acc of 132Sn)  4%
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Classic concept ˘ strippingClassic concept Classic concept ˘̆ strippingstripping
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RIA project



MCA and overall stripping efficiency (RIA)

ε (trans. and long.) ~3 larger 
compared with single charge 
state acceleration
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* Accelerate multiple q after 
the stripper

* ∆q/q of ~20% can be accepted

☺ Higher intensities
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☺ Higher intensities

Multi−charge state accelerationMultiMulti−−charge state accelerationcharge state acceleration

RIA project
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* Produces multiply charged ions

* Ions are trapped in a magneto−
electrostatic trap

* Ionisation by e− bombardment 
from an mono−energetic e− beam
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* Ions are trapped in a magneto−
electrostatic trap

* Ionisation by e− bombardment 
from an mono−energetic e− beam

Extracted beam 
has a charge 
state distribution

Charge development for 
stepwise ionisation

* ~25% in one charge state

* More near closed shells

* Vary tbreeding → vary CSD

* ~25% in one charge state

* More near closed shells

* Vary tbreeding → vary CSD

The EBIS charge breederThe EBIS charge breederThe EBIS charge breeder



Typical ionization times (A/q<4.5)
(Calculated REXEBIS values)

52Ca12+ 20 ms
70Ni16+ 22 ms
78Zn18+ 30 ms
86Se20+ 40 ms
94Kr21+ 50 ms

102Rb23+ 60 ms
134Cd30+ 120 ms
144Xe32+ 150 ms
148Ba33+ 160 ms
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C = number of elementary charges
Ie and Ue = e- beam current and energy
k = neutralization factor
L = trap length

Real values
Ie = 0.5 A
Ue = 5 000 eV
L = 0.8 m
k = 50%

~3·1010 charges

Real values
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L = 0.8 m
k = 50%
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EBIS characteristics IEBIS characteristics IEBIS characteristics I

Breeding capacity



Tbreeding = 1 ms 
Ie = 300 mA
Utrap = 4500 V
Uext = 20 kV
Pgun ~ 4·10-9 mbar

Time structure
Emittance / Acceptance

Bunched injected beam <50 µs

☺ Bunched extracted beam
(10 µs to several ms)

Energy spread < 50*q eV

Bunched injected beam <50 µs
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(10 µs to several ms)

Energy spread < 50*q eV

☺ Emittance
10 π·mm·mrad (95% at 20 kV)

Small emittance => small acceptance
~10 π·mm·mrad (95% at 60 kV)

* Dependent on:

Breeding time, neutralization etc
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The large REXTRAP at ISOLDE

nB = (B2 ε0)/(2 m)
B

Brillouin limit

Ucos(ωt)

-Ucos(ωt)

Usin(ωt)

-Usin(ωt)

Principle
* Continuous injection
* Bunching (10−20 µs bunch extracted)
* Cooling (10−20 ms)
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Results REXTRAP
(He), Li,...,U
efficiency 45 %
emittance >10 π mm mrad @ 30 keV

space charge effects with sideband 
cooling of more than 105 ions/pulse
=> 107 ions/s
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In present EBIS CB concept, 
trap is the limitation (108 ions/s)
In present EBIS CB concept, 
trap is the limitation (108 ions/s)

Preparatory Penning trapPreparatory Penning trapPreparatory Penning trap

See also P. Delahaye’s poster



* tcooling, tbreeding times <20 ms each

* Repetition rate up to 100 Hz

* Q/A ~ 1/4.5

* Mass separator (achromatic)
resolution >100

☺ Ramp EBIS platform voltage ˘> 
decouple ISOL part and LINAC
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☺ Ramp EBIS platform voltage ˘> 
decouple ISOL part and LINAC

Efficiencies (design values)
• trap bunching: 90%
• beam transport: >85%
• EBIS injection: >50%
• EBIS Qi/ΣQi: 30%

→ Σeff 12% in one charge state
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→ Σeff 12% in one charge state

Mass 
analyser

Penning
trap

EBIS

q+ ions 
to LINAC

1+ ions 
from
ISOLDE

Price for EBIS and TRAP
~1.1 MUSD in total

Price for EBIS and TRAP
~1.1 MUSD in total

REX−ISOLDE bunching/cooling/breedingREXREX−−ISOLDE bunching/cooling/breedingISOLDE bunching/cooling/breeding
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* EBIS is UHV
(low residual gas, ~10−11 mbar)

☺ Handle fA beams

Needs UHV conditions for 
operation
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Example of beam contamination ˘ Li run

* 9Li2+, run at A/q=4.5 * Time gate  =>
* Contamination of 18O4+ 15 times higher Li than O 

rest-gas of 1·104 ions/s

Example of beam contamination ˘ Li run

* 9Li2+, run at A/q=4.5 * Time gate  =>
* Contamination of 18O4+ 15 times higher Li than O 

rest-gas of 1·104 ions/s

Extraction mass spectrum IExtraction mass spectrum IExtraction mass spectrum I



75 80 85 90 95 100 105 110
0

20

40

60

80

N
3+

28
+ 18

+19
+

20
+21

+
22

+
23

+
24

+
25

+
26

+
27

+

Ne4+

22.05.02

t = 18 ms

 22
N

e5
+

Ar
 9

+

C3+

O4+

Ne5+

Io
n 

cu
rre

nt
 p

A

Magnetic field mT

55 60 65 70 75 80 85 90 95
0

20

40

60

80

100

A/q=2

Ne4+

27
+28

+
29

+
30

+31
+32

+
33

+
34

+
35

+

23.05.02

t = 158 ms

Ne9+

Ne8+

Ne7+

Ne6+

Io
n 

cu
rre

nt
 p

A

Magnetic field mT

Efficiency Cs23+

Trap to RFQ=8.7%
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Trap to RFQ=7.3%

* Higher intensities ˘ >100 pA inj.
* Lower efficiency but overall 

more particles through
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* Strong Ne contamination from trap* Strong Ne contamination from trap
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CB in REXEBIS
Stable Radioactive

7Li2+ 9Li2+

23Na7+ 24-29Na7+

27Al8+

24Mg8+ 30Mg8+

39K10+

138Ba26+

133Cs32+

153Sm28+

CB in REXEBIS
Stable Radioactive

7Li2+ 9Li2+

23Na7+ 24-29Na7+

27Al8+

24Mg8+ 30Mg8+

39K10+

138Ba26+

133Cs32+

153Sm28+

Efficiencies 
beam transport + EBIS + mass analyzer
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EBIS drawbacks as CB
Limited charge capacity

Cathode limited lifetime

Complicated

EBIS drawbacks as CB
Limited charge capacity

Cathode limited lifetime

Complicated

☺ Independent of mass

☺ Can in principle reach ~30%

(N7+ 30% & Ar14+ 9.4% in Saclay and Stockholm)

☺ Independent of mass

☺ Can in principle reach ~30%

(N7+ 30% & Ar14+ 9.4% in Saclay and Stockholm)

Breeding efficiencyBreeding efficiencyBreeding efficiency
NB! Penning trap 
not included!



Principle
* Inject very slow ions through 

a plasma of hot e−

* Electron energy − a few keV
* Density <1·1013 s/cm3

* Ionic confinement τi~10 ms to a few 100 ms

Principle
* Inject very slow ions through 

a plasma of hot e−

* Electron energy − a few keV
* Density <1·1013 s/cm3

* Ionic confinement τi~10 ms to a few 100 ms

Electron Cyclotron 
Resonance Ion SourceThe ECRIS charge breederThe ECRIS charge breederThe ECRIS charge breeder

Most listed ECRIS 
CB results are from:

separation
from residual
gas ions

singly
charged
ions

n+ ions

solenoid
coils

* Magnetic field confinement
* RF injection
* Magnetic field confinement
* RF injection

RF injection



n+ Faraday cup

1+ Faraday 
Cup

1+ source

n+ spectrometer

1+ spectrometer

Vertical 
pulsation

Double Einzel
lens

PHOENIX 
Booster

LPSC - Grenoble

Price for PHOENIX and 
RF generator ~300 kUSD
Price for PHOENIX and 
RF generator ~300 kUSD

☺ 1+ injection continuous or bunched

☺ Not so complex

* Charge−to−mass ratio of <1/6

☺ 1+ injection continuous or bunched

☺ Not so complex

* Charge−to−mass ratio of <1/6

ECRIS as charge breederECRIS as charge breederECRIS as charge breeder

☺ ECRIS magnets on ground => 
avoid HV platform with 50 kW

Injection = extraction voltage =>
* vary 1+ source potential
* or use a VE−RFQ

☺ ECRIS magnets on ground => 
avoid HV platform with 50 kW

Injection = extraction voltage =>
* vary 1+ source potential
* or use a VE−RFQ

injection side

ECRIS

mass
analyzern+ beam

ISOLDE ECRIS CB



Intensity vs efficiency

☺ No problem with 1012 ions/s

☺ ECRIS can accept >µA

☺ No efficiency decrease 

when decreasing the current
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Confinement time
* 10 ms per charge state 

* Breeding time ≠ Confinement time

Charge tuning with 

RF power

magnetic field, 

support gas pressure 
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Max ∆V for injected beam ˘ some V

* Extracted energy spread ~ 1 V * q

Max ∆V for injected beam ˘ some V

* Extracted energy spread ~ 1 V * q

Ionization efficiency vs injection voltage

➟ too high Einj too low Einj ➠

Acceptance / EmittanceAcceptance / Emittance
α=55 π mm mrad 90% 
(12 kV 2 µA Ar+)
Similar for metallic ions

ε=45 π mm mrad 90% 
(12 kV 1.2 µA Ar6+)

ECRIS characteristics IIECRIS characteristics IIECRIS characteristics II

Beam energies

Emittance 
measurement 
TRIUMF 
collaboration



Injected beam: In+ 520 nA, 20 KeV
RF power @ 14 GHz: 340 W
Total HV current: 1.1 mA

* η(1+→18+) = 6%
* Global capture = 45%
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* Global capture = 45%

☺ High global efficiency 
=> low activation

* Global capture ~50% possible

(extraction in two directions)

* CSD broad due to 
continuous injection
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=> low activation

* Global capture ~50% possible

(extraction in two directions)

* CSD broad due to 
continuous injection

Extraction mass spectrumExtraction mass spectrumExtraction mass spectrum
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Total extracted current 1−2 mA

* Working pressure = 1 to 10·10−6 mbar

* Residual gas peaks >> radioactive atoms

Total extracted current 1−2 mA

* Working pressure = 1 to 10·10−6 mbar

* Residual gas peaks >> radioactive atoms

noise level in between 
residual gas peaks?

* KEK−JAERI has 10 nA
in 6<A/q<7

noise level in between 
residual gas peaks?

* KEK−JAERI has 10 nA
in 6<A/q<7

Residual gas backgroundResidual gas backgroundResidual gas background

Residual gas suppression
* Wien filter
* bakeable UHV devices?
* monoisotopic buffer gas
* NEGs
* Secret ideas!

Residual gas suppression
* Wien filter
* bakeable UHV devices?
* monoisotopic buffer gas
* NEGs
* Secret ideas!

* Non UHV PHOENIX booster spectrum, A/q=0−70



TRIUMF−Vancouver / IN2P3−ISN Collaboration

* ˆDaily production˜ of A/q ≈ 7

* Elements produced in ~10 days:
115In, 109Ag, 64Zn, 120Sn, 88Sr, 69Ga, 90Y, 39K, 85Rb, 59Co
* Charge breeding efficiency of at least 3%

☺ Works for any element 
and any 1+ source

☺ Fast setup: different
stable beam within an hour

* Easiest
Noble gases
Heavier elements

☺ Works for any element 
and any 1+ source

☺ Fast setup: different
stable beam within an hour

* Easiest
Noble gases
Heavier elements

Elements which have been experimentally

studied with the ISN−ECRIS charge breederProduced elementsProduced elements
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* Beam in Rb1+

* Beam out Rb15+

6·1010 charges/pulse
3·1011 charges/s

2.2 % efficiency

CB with afterglow extraction

* Beam in Rb1+

* Beam out Rb15+

6·1010 charges/pulse
3·1011 charges/s

2.2 % efficiency

* Extraction cw or afterglow pulsed

* Afterglow method = switch off RF

* Pulsed extraction for 
synchrotrons and pulsed linacs

* Extraction cw or afterglow pulsed

* Afterglow method = switch off RF

* Pulsed extraction for 
synchrotrons and pulsed linacs

Pulsed extractionPulsed extraction

Typical afterglow signal 
for charge bred Pb27+

NB! Old ECRIS



ECRIS CBs around the worldECRIS CBs around the world
* From 10 to 18 GHz 
(28 GHz possible)

* modular axial b−field

* ISAC (TRIUMF) has 
also a PHOENIX
under commissioning 

* ISAC (TRIUMF) has 
also a PHOENIX
under commissioning 

Results from KEK−JAERI

* 18 GHz ECRIS, A/Q<7

* 6.5% breeding efficiency Xe+ to Xe20+

Results from KEK−JAERI

* 18 GHz ECRIS, A/Q<7

* 6.5% breeding efficiency Xe+ to Xe20+

ISOLDE

Comparison ECRIS and REXEBIS at ISOLDE



What to improve on EBIS?
1.   shortening of the tbreeding

2.  continuous injection
3.  increased charge capacity

What to improve on EBIS?
1.   shortening of the tbreeding

2.  continuous injection
3.  increased charge capacity

Advanced charge breedingAdvanced charge breeding

RF excitation

hot ions
cold ions

potential
well extraction

barrier

gun barrier

potential barrier for the 
multi-charged ions

Continuous injection / Accu EBIS
with RFQ cooler

Goal of 5 ms  * repetition rate 200 Hz
(1000 A/cm2 * no life−time losses at
DUBNA) * high capacity

Goal of 5 ms  * repetition rate 200 Hz
(1000 A/cm2 * no life−time losses at
DUBNA) * high capacity

Charge Extracted from BNL EBIS
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EBIS test standAu33+ A/q~6
40 ms breeding

Future EBISFuture EBISFuture EBIS



* Shorter extraction pulse

* Shorter confinement time
Modular ECRIS

* Higher charge state / larger capacity / better 1+ capture
Higher RF frequency
ne ∂ ωRF

2 (scaling rule)
Bresonance~ωRF −> high B−field and sc solenoids

* Shorter extraction pulse

* Shorter confinement time
Modular ECRIS

* Higher charge state / larger capacity / better 1+ capture
Higher RF frequency
ne ∂ ωRF

2 (scaling rule)
Bresonance~ωRF −> high B−field and sc solenoids

300 µs 
pulse

PHOENIX 28 GHz 
high current extraction (Lead)

Shorter and higher afterglow

ne~ 5·1013 cm-3

Trends in ECRIS developmentTrends in ECRIS developmentTrends in ECRIS development

Optical coupling of the UHF power :
* < 100 KW / 1 ms each 20 s
* ωRF = 37.5 GHz

Very simple
magnetic system

IAP Nizhny Novgorod + LPSC



If

Breeder

1+ N+

Double
cycling

Electrostatic
ring

Idea from E. A. Lamzin, Russia
Pursued by A. Villari and GANIL

Operation efficiency

I∞ = na/[1-µ(1-a)]
n=extraction eff.
a=ionisation eff.
µ=ring transport eff.

Example: n=0.9, a=0.8, µ=0.9 => 0.87

Operation efficiency

I∞ = na/[1-µ(1-a)]
n=extraction eff.
a=ionisation eff.
µ=ring transport eff.

Example: n=0.9, a=0.8, µ=0.9 => 0.87

Problems
* added delay time
* transport losses
* extraction/injection losses

Problems
* added delay time
* transport losses
* extraction/injection losses

Large dispersive magnetic separator/merger

Merger

1+
2+

3+

Breeder ringBreeder ringBreeder ring

NB! Decay 
losses
excluded.



2, ~100 ms3, up to s1, non existingStorage time

2, many parameters3, change time1, not tunableCSD tuning

3, klystron lifetime1, electron 
cathode

2, foil breakage, 
50 mC/cm2Life-time

1, a few 10 ms2, 10 ms3, instant, us isotopesRapidity

1, high rest-gas level2, some 100 fA3, no contaminationLow intensities

ECRISEBISStripper

2, several uA1, limited to nA3, very high, 100 uABeam capacity
3, some eV*q2, a few 10 eV*q1, ∆W/W~1‰Energy spread

3, ~0.3 MUSD2 ~1 MUSD 
(trap +EBIS)

1 high, (incl. pre-acc)Price

2, a few %2, a few %2, a few %Efficiency
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Transmission efficiencies
for ECR and stripping schemes

ConclusionsConclusionsConclusions

Guidelines
* Obtained CB efficiencies in 5% region
* EBIS for low intensities
* ECRIS−stripper combination 

for high intensities
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* Obtained CB efficiencies in 5% region
* EBIS for low intensities
* ECRIS−stripper combination 

for high intensities

* Future interesting concepts
* Advanced charge breeding proposal
* Future interesting concepts
* Advanced charge breeding proposal

Breaking 
point 1 nA

Three choices − three virtues

Stripper

Fast but expensive
(pre-acc. LINAC)

Large capacity but dirty

ECRIS

Clean but low capacity

EBIS
Electrical 

car


